The activation of the platelet-activating factor receptor (PAFR) is associated to a suppressor phenotype in macrophages and dendritic cells (DCs). In the present study, we investigated mechanisms underlying the production of the interleukin 10 (IL-10) through PAFR activation in murine DCs. For this purpose, BALB/c mice bone marrowderived DCs were differentiated by GM-CSF treatment and stimulated with LPS in the presence of the PAFR antagonist WEB2086. Signalling pathways downstream to TLR4 activation were investigated. We found that LPS stimulus induced PAFR ligands generation by DCs, but it did not affect the PAFR expression. The LPS-induced IL-10 production was found to be partially dependent of PAFR, since it was reduced in the presence of WEB2086. The IL-10 production through PAFR activation was independent on CREB and PPARγ, as the treatment with selective inhibitors of these pathways did not affect the IL-10 production. TLR4 adaptor molecules (MyD88 and TRIF) expression, MAPK, or NF-κB (p105/50 and p65 subunits) activation pathways were also excluded, since they were not affected by the treatment with WEB2086. The blockage of PAFR by WEB2086 downregulated the STAT3 (Tyr705) phosphorylation induced by LPS. Additionally, DCs treated with STAT3 inhibitor (S3I-201) showed reduced IL-10 production to the same levels observed in DCs treated with WEB2086. The requirement of STAT3 was confirmed in PAFR-KO DCs, since the STAT3 inhibition did not affect IL-10 production by these cells. Our data show an additional molecular mechanism whereby PAFR contributes to IL-10 production in DCs and support the importance of the PAFR activation in DCs phenotype and function.
Introduction
The interleukin 10 (IL-10) is an anti-inflammatory cytokine secreted by different immune cells that acts as an important regulator of the inflammatory and immune responses [1] . In macrophages and myeloid dendritic cells (DCs), the IL-10 production is induced by different stimuli via pattern recognition receptors (PRRs) activation, which also triggers an inflammatory response with the production of other cytokines, such as IL-1β, IL-12, IL-6, and so on [2] . Additionally, lipid mediators are also generated and further amplify the immune response (for either inflammatory or anti-inflammatory directions) in a fast and prompt way [3] .
Platelet-activating factor (PAF) is a lipid mediator rapidly generated by the cleavage of cell membranes phospholipids as a consequence of the activation of the cytosolic phospholipase A2 (cPLA 2 ) [4] . PAF acts as an intracellular and intercellular messenger through its receptor (PAFR), which is a G protein-coupled receptor that according to the expression in plasma or nuclear membranes may be coupled to the G i or G q subunits [5] . We have recently shown that mice that were immunized in the presence of a PAFR antagonist developed an enhanced antigen-specific adaptive immune response. We also observed that vaccination of mice with dendritic cells (DCs) that had been previously treated with PAFR antagonists and stimulated with lipopolysaccharide (LPS) also induced higher antigen-specific T cell proliferation, suggesting that the activation of this receptor in the site of immunization could adjust both innate and adaptive immunity responses [6] .
Mechanisms involving in the amplification of cell activation by inflammatory stimuli through PAFR are still elusive, and it may differ according to receptors assembly, activation profile and cell population. In macrophages, the PAFR activation by exogenous PAF combined with Toll-like receptor 2 or 4 (TLR2/TLR4) agonists suppressed the production of the pro-inflammatory cytokines IL-12 and IL-6 by inhibiting NF-κB p65 phosphorylation. On the other hand, PAF increased NF-κB p105 phosphorylation, which generated p50 subunit, potentiating the LPS-induced IL-10 production [7] . In DCs, we have shown that, like in macrophages, exogenous PAF enhanced LPSinduced IL-10. Additionally, pre-treatment with PAFR antagonists reduced IL-10 production and enhanced DCs T cell priming activity in vitro. Prostaglandin E2 (PGE 2 ), a lipid mediator rapidly synthesized by the inducible cyclooxygenase (COX-2) upon LPS stimulus, was also downregulated by the blockage of PAFR. Moreover, when DCs were treated with selective COX-2 inhibitors PGE 2 production was abrogated, their ability to promote T cell proliferation was increased to the same levels observed in the presence of PAFR antagonists, but no effects were observed in IL-10 production [8] . These data indicated that IL-10 and PGE 2 induction partially occurred via PAFR activation but they also suggested the existence of another LPS-induced IL-10
PAFR expression analysis
The PAF receptor blocking peptide and a rabbit anti-PAFR monoclonal antibody (both from Cayman Chemical) were mixed in 1:1 ratio and left at room temperature for 1 h. The mixture was 100x diluted in FACS buffer (PBS, 1% Fetal Bovine Serum, 0.02% sodium azide) and added to DCs. In parallel, DCs were incubated with only anti-PAFR antibody. After 30 min of incubation at 4ºC, cells were washed twice with FACS buffer and incubated with anti-rabbit IgG-FITC (Poly4064) (BioLegend, San Diego, CA, USA) and anti CD11c-APC (HL3) (BD Pharmingen, San Diego, CA, USA) for 30 min, in the dark, at 4ºC. Cells were washed twice and fixed in PBS 3.7% paraformaldehyde for 10 min, room temperature. Cells were washed and data was acquired using a FACS Canto II flow cytometer (BD Biosciences), and analyzed by the FlowJo software (TreeStar, Ashland, OR, USA). Doublets were excluded and analyses were conducted in CD11c + gated cells. PAFR expression was given as Median Fluorescence Intensity (MFI) and values were determined by the MFI of α-PAFR-stained cells in the presence of the blocking antibody deducted from MFI of α-PAFR-stained cells to exclude antibodyprotein non-specific complexes formation.
Total lipid extraction
After 6 days of DC differentiation, non-adherent cells were collected, washed and kept with serum free medium at the final volume of 1 mL. 1 μM of the serine-protease inhibitor AEBSF (A8476, Sigma-Aldrich) was added per sample and after 30 min, 1 μg/mL LPS was added and cells were incubated for extra 30 min. 2 mL of ice cold methanol were added, followed by homogenization on ice. Next, 2 mL of dichloromethane were added per sample, tubes were sealed and vortexed vigorously. Samples were centrifuged at 2500 x g for 10 min. The inferior phase of samples was transferred to new tubes and aqueous phase was evaporated under nitrogen. The lipid extracts were normalized to cell number (2.5 x 10 6 cells) and dissolved in ethanol.
KB PAFR model system
PAFR-expressing KBP and PAFR-deficient KBM cells were generated from the human epidermal cell line KB (which does not express functional PAFR) transduced with a retroviral vector MSCV2.1 containing the human PAFR cDNA (KBP cells) or with the empty vector (KBM cells). When PAFR of KBP cells is activated by its agonists such as PAF or PAF-like molecules, the intracellular Ca 2+ levels are increased and IL-8 is produced. Hence, this system allows the determination of the presence of PAFR ligands in a given lipid extract indirectly, through measurement of IL-8 production. This model was developed as previously described by Pei et al. (1998) [11] . Both KBP and KBM cells were seeded at 2 x 10 5 cells/mL and kept with serumfree medium for 30 min. Then, DC lipid extracts were added to KBP/KBM cells for 5 h and supernatants were collected. As positive control for cell activation and IL-8 production, 100 nM of CPAF (Cayman Chemical) or 10 nM of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) were added to KBP and KBM cells. The KB cells were kindly provided by Prof. Jeffrey B. Travers, Wright State University, OH, USA.
Cytokines and PGE 2 detection
Human IL-8 production by KBM/KBP cells or murine IL-10 production by bone-marrow derived DCs were determined using OptEIA Set ELISA kits (BD Pharmingen), and PGE 2 production was measured by competitive immunoassay with the PGE 2 EIA kit (Cayman Chemical) according to manufacturer's instructions.
Western blot
DCs were lysed with RIPA buffer containing sodium orthovanadate (1 mM), sodium fluoride (5 mM), and protease inhibitor cocktail (Roche Scientific, Indianapolis, IN, USA). Same quantities of protein were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Next, non-specific binding sites were blocked with 5% non-fat dry milk (Cell Signaling Technology, Danvers, MA, EUA) in Tris-buffered saline 0.1% Tween 20 (TBS-T) for 1 h. After washing with TBS-T, membranes were incubated with primary antibodies against phospho-CREB (Ser133), phospho-p38 (Thr180/ Tyr204), phospho-ERK1/2 (Thr202/Tyr204), total-STAT3, phospho-STAT3 (Tyr705), β-actin (all from Cell Signaling Technology) or phospho-NF-κB p105/p50 (Ser337) (SAB Signaling, College Park, MD, USA) at 4 ºC overnight. Membranes were then washed and incubated with secondary antibodies goat anti -rabbit IgG or goat anti-mouse IgG conjugated to HRP (both from Cell Signaling Technology) for 2 h. Finally, the membranes were developed using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL). Densitometric analyses were performed using the ImageJ software (NIH, Bethesda, MD, USA). 
Real-time RT-PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad CA, USA) and cDNA was synthetized using the Revert Aid First Strand cDNA Synthesis kit (Thermo Scientific, Rockford, IL, USA) according to manufacturers' instructions. Real-time PCR was performed with the StepOnePlus Real-Time PCR System (Applied Biosystems, USA), using SYBR Green (Fast SYBR Green Master Mix, Applied Biosystems, Warrington, UK), and specific primers for Ptafr Relative gene expression was calculated using the 2 −ΔΔCT method as previously described [12] . Data were normalized by the housekeeping gene (Gapdh) and expressed as fold change relative to control. 
Statistical analysis
Results were presented as mean values ± SEM. Statistical differences between mean values were determined by the one-way ANOVA, followed by the Newman-Keuls test or Student's t test, using Graph Pad Prism 5.0 software (San Diego, CA, USA). P < 0.05 values were considered as significant.
Results

PAFR ligands are produced by LPS-stimulated DCs
DCs were differentiated from murine bone-marrow by mrGM-CSF treatment for 6 days and stimulated with LPS (1 µg/mL). After 24 h, cells were investigated for PAFR expression. Figures 1A and B shows that PAFR expression (protein and mRNA, respectively) was detected at similar levels in both unstimulated and in LPS-stimulated DCs. In order to explore the generation of PAFR ligands, firstly we found that the LPS stimulus upregulated the gene expression for the inducible lyso-PAF acetyltransferase (Lpcat2), an enzyme involved for PAF biosynthesis ( Figure 1C ). The generation of PAFR ligands was investigated using the KB PAFR cell model system. PAFR-expressing KBP cells incubated with DCs lipid extracts showed IL-8 production compared to the vehicle that was maximized (3-fold) in LPSstimulated DCs ( Figure 1D ). IL-8 production by PAFR-deficient KBM cells stimulated with DCs lipid extracts was under detection limit (data not shown). The specificity of the experiment was verified in KBP and KBM cells stimulated with 100 nM of methylcarbamyl-PAF (CPAF -a stable PAF analog) or 10 nM of PMA. Figure 1E shows that KBP but not KBM cells produced IL-8 when stimulated with CPAF, while PMA induced similar levels of IL-8 production in both cell lines.
LPS induces IL-10 production through PAFR and independent of COX-2/PGE 2 axis LPS has been reported to induce PGE 2 synthesis through COX-2 in DCs [8, 13, 14] . The secreted PGE 2 could then act on its receptors EP2 and EP4 expressed on the cell membrane and increases the levels of cyclic adenosine monophosphate (cAMP) cellular [15] . In response, transcription factors such as CREB (the cAMP response element binding protein) bind to the Il10 promoter to induce IL-10 production. We have previously shown that PAFR activation contributes to the production of both PGE 2 and IL-10 in LPS-stimulated DCs [8] . However, when DCs were pre-treated with the COX-2 non-selective inhibitor indomethacin (15 µM) or the selective inhibitor nimesulide (10 µM), no effects were observed in IL-10 levels; hence, the IL-10 production was not affected by endogenous PGE 2 , since PGE 2 was completely suppressed by COX inhibitors. The blockage of PAFR with WEB2086 reduced both PGE 2 and IL-10 LPS-induced production (Figure 2A) , thus confirming our previous data [8] .The requirement of CREB activation for IL-10 production was also excluded, since no changes in the IL-10 production were observed in LPS stimulated DCs in the presence of the CREB inhibitor KG-501 (10 µM) ( Figure 2B ). Additionally, DCs pre-treatment with the PAFR antagonist WEB2086 (WEB-50 µM) did not affect CREB phosphorylation ( Figure 2C ). These results indicate that IL-10 production by LPS stimulated DCs occurred through PAFR activation but independently of the COX-2/PGE 2 axis and CREB activation.
PAFR activation does not modulate TLR4 downstream adaptor molecules (MyD88 and TRIF) expression, MAPKs or NF-κB phosphorylation in LPS-stimulated DCs.
The intracellular signaling pathway activated by LPS for IL-10 production requires the activation of MyD88 and TRIF [1] . To check if the blockage of the PAFR was modulating the TLR4 adaptor proteins, DCs were treated with WEB2086 for 30 min and then stimulated with LPS (1 µg/mL) for 4 or 8 h. Figure 3A shows that Myd88, Tirap, or Trif expressions were not affected in the absence of PAFR activation. Further downstream of TLR4 signaling, the mitogen activated protein kinases (MAPKs) and the nuclear factor-κB (NF-κB) pathways are also activated in IL-10 induction. In fact, we have previously shown that PAFR agonists induced IL-8 and IL-10 production through p38 and ERK1/2 activation in human macrophages [16] . To test if these effects also occurred in LPS-stimulated DCs, cells were pre-treated with WEB2086. Figure 3B shows that no differences in p38 or ERK-1/2 phosphorylation were detected in cells previously treated with WEB2086. In another study, our group has observed that the addition of CPAF to murine macrophages stimulated with LPS potentiated IL-10 production through the phosphorylation of NF-κB p105/50 [7] . To test the hypothesis that the blockage of the PAF signaling pathway would also affect the p105/50 subunit phosphorylation in DCs, cells were pre-treated with WEB2086 as above mentioned, and stimulated with LPS for 30 min. However, this pathway was also excluded, since WEB2086 treatment did not alter p105/50 or p65 phosphorylation patterns ( Figure 3C ). 
IL-10 production in LPS-stimulated DCs is independent of PPARγ activation
proliferator-activated receptor γ (PPARγ) expression upregulation in human and mouse macrophages [17] . In our experiments, however, the requirement of PPARγ for IL-10 production was excluded, since the treatment with the PPARγ antagonist GW9662 (10 µM) did not affect the IL-10 production by DCs ( Figure 4A ). The non-requirement of PPARγ activation in LPS-stimulated DCs was also confirmed by the expression of PPARγ-inducible gene for the scavenger receptor CD36 (encoded by Cd36), which was not affected by PPARγ or PAFR antagonists ( Figure 4B) . Altogether, these data show that DCs signaling pathway for IL-10 production induced by LPS requires different intracellular molecules than the ones observed in macrophages.
PAFR/STAT3 activation is required for IL-10 production in LPS-stimulated DCs
The activation of signal transducer and activator of transcription 3 (STAT3) is classically described as a regulator of cells response to IL-10 and IL-6. Moreover, STAT3 can be activated through TLR4 signalling [18] and also through PAFR [19, 20] . We then hypothesized that the signal induced by PAFR ligands produced during LPS stimulation could synergize with the already LPS-induced STAT3 activation, amplifying IL-10 induction. Thus, we first checked the STAT3 phosphorylation in LPS-stimulated DCs. Figure 5A shows that the STAT3 phosphorylation induced by LPS was clearly reduced in the presence of PAFR antagonist. The necessity of STAT3 activation was confirmed in DCs treated with the STAT3 inhibitor S3I-201 (50 µM), which reduced the LPS-induced IL-10 production to the same levels of WEB-treated DCs ( Figure 5B ). Same pattern was observed in Il10 gene expression ( Figure 5C ). To confirm the PAFR-STAT3-IL-10 axis, DCs differentiated from PAFR-KO mice were pre-treated with S3I-201 (50 µM) followed by LPS stimulation. Figure 5D and E show that in the absence of the PAF receptor signalling, S3I-201 treatment did not modulate IL-10 protein or gene expression. Altogether, these results indicate that part of the IL-10 production in DCs induced by LPS stimulation is dependent on PAFR/STAT3 activation.
Discussion
Major findings from the present study demonstrate that PAFR activation enhance the IL-10 production induced by LPS stimulation in dendritic cells. Molecular mechanisms underlying these effects involve the production of PAFR ligands and STAT3 activation. Moreover, these mechanisms are different from what we previously observed in macrophages, since they are independent on PGE 2 production, PPARγ, or NF-kB activation [7, 16, 17] . IL-10 is an anti-inflammatory cytokine produced by macrophages, DCs, and lymphocytes, and is able to regulate the activation of innate and adaptive immune responses. This cytokine is also a marker of alternatively activated macrophages which are involved in repair mechanisms, by inducing fibroblasts activation and collagen production [21] . In previous studies, we described the effect of the PAFR blockage in DCs during maturation induced by LPS. A pretreatment with a PAFR antagonist reduced the IL-10 and PGE 2 secretion by DCs and increased their ability in promoting T cell proliferation and Th1-like adaptive response in vitro and in vivo [6, 8] .
Those experimental observations suggested that LPS stimulation induced the production of PAFR ligands that would act in a paracrine/ autocrine way. Molecular mechanisms involved in PAFR ligands generation through TLR4 activation were already observed in macrophages [22] , however in DCs they were still elusive. To study the PAFR activation in LPS stimulated DCs, we first confirmed that PAFR is expressed by DCs and is not modulated by LPS stimulation in the first 24 h. In previous data, we have shown that PAFR expression was only reduced after 48 h of LPS [8] . These results are in line to another report that showed PAFR expression reduction after 48 h and undetectable expression after 96 h in human monocyte-derived DCs stimulated with LPS [23] . In addition, we found that in DCs, LPS induced the expression of the inducible lyso-PAF acetyltransferase (LPCAT2), which is the key enzyme involved in PAF biosynthesis. LPCAT2 had already been described to be activated by LPS in mouse peritoneal macrophages and was also shown to be regulated by PAFR activation [22, 24] . Indeed, the generation of PAFR ligands was confirmed to be produced in DCs and maximized by LPS stimuli.
We then sought to understand the mechanisms involved in the IL-10 production related to TLR4/PAFR activation in DCs. The increase in IL-10 production through PAFR activation in LPSstimulated DCs could be a result of the activation induced by COX-2/PGE 2 , which is also formed upon stimulation with TLR4 ligands and has been shown to be responsible for IL-10 production in DCs and in macrophages stimulated with zymozan and apoptotic cells [25, 26] . Molecular mechanisms described for the production of IL-10 were also dependent on CREB activation by signalling pathways that involved EP receptors and the formation of cAMP and PKA activation [25] . However, our data suggested a different pathway, since the cell treatment with the inhibitors of COX-2 or CREB did not affect the production of IL-10, although the PGE 2 production was completely abrogated by COX-2 inhibitors.
The regulation of IL-10 production by macrophages and DCs in response to TLR4 ligands can also be dependent on MAPK activation. In fact, we have previously observed that in macrophages the PAFR activation by oxidized Low Density Lipoprotein (oxLDL) increased LPS-induced IL-10 production and phosphorylation of ERK1/2 and p38 [16, 17] . In the present study, however, the blockage of PAFR by antagonist treatment reduced IL-10 production but did not affect MAPK kinases phosphorylation in DCs. Following the TLR4 stimulation, we also checked for adaptor proteins expression and phosphorylation of NF-κB subunits p65 and p105/50, but when the PAFR was blocked by the antagonist WEB2086 none of these TLR4-induced signalling pathways were affected.
Another possible pathway to be tested was the activation of the PPARγ, a nuclear receptor capable of modulating inflammatory responses. PPARγ was described to induce anti-inflammatory M2 phenotype macrophages, and also related to PAFR activation and IL-10 release [17, 27] . In DCs, the pre-treatment with the PPARγ antagonist GW9662 did not affect the LPS-induced IL-10 production. In addition, CD36, which is a scavenger receptor upregulated by PPARγ activation in macrophages was not, affected by the treatment with either PAFR or PPARγ antagonists. These results are different from the ones observed in DCs stimulated with zymosan, where there was a clear reduction of IL-10 production upon PPARγ inhibition [28] .
DCs and macrophages produce significant amounts of IL-10 upon stimulation with TLR4 ligands and in macrophages we and others demonstrated that the IL-10 production is a result of a complex signalling pathway that involves mechanisms dependent on NF-kB, MAPK [7] , PPARγ [29] , CREB [30] , and COX-2 [13] . Interestingly, none of these intracellular signaling pathways were involved in the IL-10 production enhanced by PAFR activation in DCs, which according to our results, STAT3 is a major player. These results are also different to what we previously observed in macrophages, where the IL-10 production enhanced by PAFR activation was not dependent on STAT3 [7] . Although macrophages and DCs are myeloid derived cells, they express different membrane markers that reflect in their phenotype and functionality. Macrophages have high expression of F4/80, CD36, and TLRs, whereas DCs present high expression of MHCII, costimulatory molecules (CD80, CD86, CD40), TLRs, and have properties of antigen presenting cells higher than macrophages. We showed before that CD36 is a scavenger receptor able to assemble with PAFR in lipid rafts to interact with PAFR ligands and enhance the production of IL-10 by macrophages [17, 31] . These effects were abrogated in the presence of PAFR antagonists or anti-CD36 blocking antibody [17] . Comparing to macrophages, DCs express less CD36 [32, 33] and TLR4 in the membrane [34] , thus these mechanisms above mentioned for macrophages are less significant in DCs. Additionally, it was demonstrated that PAFR activation induced CD36 expression in macrophages by mechanisms dependent on PPARγ [17] . In our present study, these mechanisms were also excluded, since no differences in CD36 expression were found in DC pre-treated with PAFR antagonist. Data present in the literature describe important role of PPARγ and CREB activity in DCs stimulated with LPS. The discrepancy of our results could be justified by the different experimental protocols used, most likely the one employed to differentiate BM-DCs: we only used GM-CSF in the culture medium, whereas others used GM-CSF plus IL-4. These protocols were shown to generate DC populations with different phenotypes which would activate distinct pathways in response to LPS [35] . In fact, DC differentiated in the presence of IL-4 presented augmented PPARγ activity through mechanisms dependent on STAT6 activation [36] , which was also observed to decrease the IL-10 production and increase IL-12 [37] , therefore generating a DC population different than we used in our present study.
The activation of STAT3 is classically described as a regulator of cells response to IL-10 binding to its receptor, and inducing its own gene expression [38] . This was already observed in human monocytederived DCs and macrophages [39, 40] . In addition, STAT3 can also be activated via TLR4 [18] , indicating a IL-10 induction pathway independent of IL-10 receptor/STAT3 activation. Indeed, STAT3 phosphorylation was also observed as consequence of PAFR activation in monocytic cell lines [19] , in HUVECs [20] , and in intestinal epithelial cells [41] . Our results indicated that the blockage of PAFR during LPS stimulation, significantly reduced STAT3 Tyr705 phosphorylation. When DCs were treated with the STAT3 inhibitor S3I-201, we observed decreased production of IL-10 and gene expression in similar levels as observed when the PAFR antagonist WEB2086 was added to DCs. To confirm the requirement of PAFR activation to the TLR4/STAT3 pathway to IL-10 production, DCs derived from PAFR-KO mice were treated with STAT3 inhibitor and stimulated with LPS. Both IL-10 protein and gene expression levels were not altered by the treatment and were found in similar levels as observed in wild type DCs treated with PAFR antagonist. A recently report has shown that IL-10 production in human monocyte-derived DCs was increased by zymosan stimulus, which induced STAT3 Tyr705 phosphorylation. It was also observed that when cells were stimulated in the presence of WEB2086, STAT3 Tyr705 phosphorylation was reduced [42] . These data reinforce our findings in associating PAFR/STAT3 activation in IL-10 production in DCs. Moreover, it strengthens the importance of the PAFR activation in DCs phenotype and function.
Based on these data, we propose that PAFR ligands are produced by DCs stimulated with LPS and that it engages the PAFR in DC membranes to potentiate LPS-induced IL-10 by mechanisms dependent on STAT3 activation. The production of IL-10, together with PGE 2 as we previously demonstrated, contributes to the establishment of a regulatory phenotype in DCs. These data add some explanation to our previous studies where we showed that the blockage of PAFR enhance the adaptive immune response. In addition, this study brings additional molecular mechanisms by which PAFR contributes to IL-10 production by dendritic cells.
